Crest piers placed on overflow spillways induce standing waves at the downstream end of them and the supercritical flow expands after flowing past the rear of the pier. The expanding flow from each side of a pier will intersect and form disturbances or shock waves that travel laterally as they move downstream and eventually reach the chute sidewalls. Recently, investigations regarding crest piers are related with artificial aeration on stepped spillways to eliminate the risk of cavitation damage. However, there is a lack of studies on standing and shock waves in smooth spillways concerning the air entrainment into the flow in presence of crest piers. This paper presents the study of the combined effect on air entrainment of a crest pier and an aerator on the bottom of a smooth spillway (configuration 1). For comparison, experimental tests were developed in the spillway without pier, that is in presence of aerator only (configuration 2). The configuration 1 results show that the air concentration distribution on the spillway bottom across the width and length of the chute increases in comparison with configuration 2, reducing even more the risk of cavitation damage and enhancing the safety of the hydraulic structure.
Introduction
Spillways are important hydraulic structures that provide adequate safety for dams, regulating outlet for flood control operations when reservoir levels are above the spillway crest [1] . Nevertheless, whether the discharged water flow reaches high velocities associated with low pressures, this may cause cavitation damage on the chute spillway bottom if adequate precautions are not taken [2] . Further, if the spillway invert and its sidewalls are subjected to continuous removal of the surface material, it could seriously endanger the integrity of the hydraulic structure [3] .
The cavitation damage can be mitigated by a number of methods, for instance, increasing the cavitation index by removing surface irregularities [4] . Likewise, the damaging effects of cavitation erosion may be diminished by increasing the cavitation resistance of the boundary materials, such as fibrous concrete, steel lining, epoxy resins, coatings and various combinations of these. The results vary in success but steel-fiber reinforced concrete appears to be the best option [5] . However, in most cases it would be uneconomical to replace the material in the spillway for cavitation resistant materials. For this reason, other alternatives should be considered to protect the spillway surface from cavitation damage. A very effective and economic method to avoid cavitation damage is dispersing a quantity of air along the spillway invert by placing aeration devices to provide artificially air within high-velocity flows upstream of cavitation ridden zones [6, 7] . 
Materials and Methods

Physical Scale Spillway Model of the Huites Dam
The Huites Dam is located on the Fuerte River in northwestern Sinaloa, Mexico and is owned by the Comisión Federal de Electricidad (CFE). It is a 162-m high and 426 m long hybrid concrete archgravity dam. The overflow spillway has a total capacity of 11,225 m 3 /s, associated to a 10,000 year flood return period and its crest has an ogee profile with a vertical upstream face. It is important to highlight that the engineers of CFE designed the spillway and the aeration system based on design criteria provided by USBR [52] and Falvey [53] .
The Institute of Engineering of the University of Mexico at Mexico City was commissioned by CFE to build the Huites Dam spillway model with the main aim of developing model test for analyzing the behavior of air along the spillway and assess the functionality of the aerator device for protecting the spillway bottom against cavitation damage. The model scale should be large enough to diminish hydraulic scale effects effectively. Therefore, a 1:21 scale physical model was constructed to satisfy the minimum Reynolds and Weber criteria and to mitigate the scaled aeration effects. The spillway model is 4.13 m high and has an 11.8 m long chute that is 1.71 m wide. The spillway entrance is divided by a central wedge-shape pier 0.22 m wide, 2.4 m long, with a variable height from 0.9 m to 2.5 m and made out of wood. Two 200 hp centrifugal pumps with a variable speed drive to regulate the water discharge are used to feed the model. The physical spillway model is illustrated in Figure  2 . 
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Physical Scale Spillway Model of the Huites Dam
The Huites Dam is located on the Fuerte River in northwestern Sinaloa, Mexico and is owned by the Comisión Federal de Electricidad (CFE). It is a 162 m high and 426 m long hybrid concrete arch-gravity dam. The overflow spillway has a total capacity of 11,225 m 3 /s, associated to a 10,000 year flood return period and its crest has an ogee profile with a vertical upstream face. It is important to highlight that the engineers of CFE designed the spillway and the aeration system based on design criteria provided by USBR [52] and Falvey [53] .
The Institute of Engineering of the University of Mexico at Mexico City was commissioned by CFE to build the Huites Dam spillway model with the main aim of developing model test for analyzing the behavior of air along the spillway and assess the functionality of the aerator device for protecting the spillway bottom against cavitation damage. The model scale should be large enough to diminish hydraulic scale effects effectively. Therefore, a 1:21 scale physical model was constructed to satisfy the minimum Reynolds and Weber criteria and to mitigate the scaled aeration effects. The spillway model is 4.13 m high and has an 11.8 m long chute that is 1.71 m wide. The spillway entrance is divided by a central wedge-shape pier 0.22 m wide, 2.4 m long, with a variable height from 0.9 m to 2.5 m and made out of wood. Two 200 hp centrifugal pumps with a variable speed drive to regulate the water discharge are used to feed the model. The physical spillway model is illustrated in Figure 2 .
On the physical model, the aerator is located 4.7 m downstream from the crest at the change of slope in the spillway from 39.16 • to 33.29 • . The deflector height (t) is 1.5 cm, the deflector angle (α) is 4 • and the offset height (s) is 9 cm. The aeration ducts have been sized with two 11 × 10 cm 2 air ducts in the spillway sidewalls. The height of the sidewalls was 1.2 m, the aeration ducts were made of acrylic and the spillway bed was concrete. The aeration system is shown in Figure 3 . On the physical model, the aerator is located 4.7 m downstream from the crest at the change of slope in the spillway from 39.16° to 33.29°. The deflector height (t) is 1.5 cm, the deflector angle () is 4° and the offset height (s) is 9 cm. The aeration ducts have been sized with two 11 × 10 cm 2 air ducts in the spillway sidewalls. The height of the sidewalls was 1.2 m, the aeration ducts were made of acrylic and the spillway bed was concrete. The aeration system is shown in Figure 3 . Physical scale spillway models have been used to simulate and investigate aerated flows for several decades. Physical modelling is a mature, proven tool and its results can be used with high confidence. During the modeling of free-surface flows the Froude law is usually used, nevertheless, the modeling of high-speed air-water two-phase flows using only the ratio of inertial and On the physical model, the aerator is located 4.7 m downstream from the crest at the change of slope in the spillway from 39.16° to 33.29°. The deflector height (t) is 1.5 cm, the deflector angle () is 4° and the offset height (s) is 9 cm. The aeration ducts have been sized with two 11 × 10 cm 2 air ducts in the spillway sidewalls. The height of the sidewalls was 1.2 m, the aeration ducts were made of acrylic and the spillway bed was concrete. The aeration system is shown in Figure 3 . Physical scale spillway models have been used to simulate and investigate aerated flows for several decades. Physical modelling is a mature, proven tool and its results can be used with high confidence. During the modeling of free-surface flows the Froude law is usually used, nevertheless, the modeling of high-speed air-water two-phase flows using only the ratio of inertial and Physical scale spillway models have been used to simulate and investigate aerated flows for several decades. Physical modelling is a mature, proven tool and its results can be used with high confidence. During the modeling of free-surface flows the Froude law is usually used, nevertheless, the modeling of high-speed air-water two-phase flows using only the ratio of inertial and gravitational forces, as well as the geometric similarity between model and prototype is impossible, since the air transport in models is affected by scale effects because surface tension expressed with the Weber number (W) is overestimated, while the internal flow turbulence represented by the Reynolds number (R) is underestimated [54] [55] [56] . In the same way, an adequate reproduction of the air concentrations and air transport in two-phase model flows is possible if limitations in terms of W and R are respected [57] . Pfister and Hager [58] concluded that to achieve reliable air concentrations for high-speed air-water mixture flows using the Froude similitude, minimum values of R = 1 × 10 5 and W = 110 must be respected in the physical model. Therefore, it can be stated that the model scale 1:21 used during the present investigation is considered large enough to avoid scale effects, because it satisfies the minimum Reynolds and Weber criteria. Within the section experiments are summarized the values of the Froude, Reynolds and Weber numbers.
Instrumentation
During the investigation, measurements of air concentration have been performed by means of a double-tip conductivity probe. Conductivity probes have been used since the 1960s for different measurement applications such as the detection of air concentration [19, 59, 60] and velocity measurements in two-phase flows [61] . Moreover, the probes have been perfected and used in a number of investigations. At present, it is feasible to use them to measure, air content, bubble velocity, distribution of the number of bubbles, bubble count rate, air/water chord size, particle size distributions, interfacial velocity, turbulent intensity, air-water turbulent time, specific interface area, distributions of chord length, concentration of the interfacial area and bubble size [62] [63] [64] . In some cases, it is also possible to estimate the bubble velocity in two [65] and three directions [66] .
The double-tip conductivity probe used during the investigation was equipped with two identical conductivity sensors or tips with an inner diameter of 0.8 mm and installed inside a cylindrical stainless-steel body that facilitates measurements as it provides rigidity to the instrument. The probe produces two voltage signals, one for each sensor. The signals will indicate whether the tips pierce air bubbles are at contact with water, due to the difference in electrical conductivity between water (5 mS/m) and air (almost zero). The advantage of using this measuring device lies in the ease of repair in case of failure, since the parts are readily available and the electronic component cost and the costs for the manufacture are low. This speeds up repairs while at the same time provides reliable data for evaluating air content. The probe is shown in Figure 4 .
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The double-tip conductivity probe used during the investigation was equipped with two identical conductivity sensors or tips with an inner diameter of 0.8 mm and installed inside a cylindrical stainless-steel body that facilitates measurements as it provides rigidity to the instrument. The probe produces two voltage signals, one for each sensor. The signals will indicate whether the tips pierce air bubbles are at contact with water, due to the difference in electrical conductivity between water (5 mS/m) and air (almost zero). The advantage of using this measuring device lies in the ease of repair in case of failure, since the parts are readily available and the electronic component cost and the costs for the manufacture are low. This speeds up repairs while at the same time provides reliable data for evaluating air content. The probe is shown in Figure 4 . The measuring device generates an alternating current signal with low distortion and constant amplitude through an electronic circuit. A generator was connected to an operational amplifier to raise the value of the voltage; likewise, the signal is isolated by placing transformers, which are connected to the sensor receptors and through a resistor installed at each end. The probe voltage output passes through a rectifier that is later captured by a converter that sends the digital signal to The measuring device generates an alternating current signal with low distortion and constant amplitude through an electronic circuit. A generator was connected to an operational amplifier to raise the value of the voltage; likewise, the signal is isolated by placing transformers, which are connected to the sensor receptors and through a resistor installed at each end. The probe voltage output passes through a rectifier that is later captured by a converter that sends the digital signal to a computer for post processing. The data acquisition card used allows the capture of up to 40,000 samples per second, this frequency is divided by the number of sensors installed. The reader interested in the working principles of conductivity probes is referred to Chanson and Carosi [63] .
The staff of the Department of Electrical and Electronics Engineering of the Institute of Engineering constructed the conductivity probe and conducted preliminary air concentration measurements to Water 2018, 10, 1383 6 of 17 verify its accuracy. They mounted the probe inside a test rig with the needles parallel to the flow direction pointing downward. The measuring section was a vertical circular tube made of acrylic with an inner diameter of 10 cm and length of 2 m. Clear water was used as working fluid that circulates upwards moved by a centrifugal pump, by means of a compressor air was injected to produce a vertical concurrent bubbly flow. The probe was displaced from the wall to the center of the pipe at five axial locations to register air concentration at different points. It was found that the accuracy of the probe in detecting air concentrations was about ±5%.
The flow depths were measured perpendicular to the spillway bottom, by using an acoustic metallic sensor ±0.1 mm precise, once the point of the sensor was in contact with the water surface, the electronic sound system emitted a whistle and then the measurement was taken.
The spillway discharge was measured in two ways: (1) Ultrasonic flowmeters PrimeFlo-T, Model RXG 845 with an accuracy of ±0.5% were installed on the discharge piping of the pumps. (2) A digital water level sensor (accuracy ±0.05%, operating range: from 1.0 m to 30.0 m) was located upstream of the spillway crest in the tank. The measured water levels together with the equation proposed by the USBR [52] to obtain the water discharge over an ogee crest were used to calculate the discharge. The difference between the two methods used to measure the discharge flow was around 3%.
Experiments
The physical model was used to register bottom air concentration data with and without crest pier. The main interest is in the air close to the floor of the spillway chute, where cavitation damage is a concern. In the chute of the physical model, the air concentration measurements were made at eight different cross-sections (1 to 8), 13 cm upstream of the aerator and at locations 15 cm, 45 cm, 80 cm, 120 cm, 160 cm, 200 cm and 240 cm downstream of the aerator, respectively. At each cross-section, the air content was registered at five equidistant points (A to E) located between each other at a distance of 28.5 cm. The air concentration was taken 3 mm above the spillway bottom. The measuring sections are shown in Figure 5 . 4 ) is the density of water. It is important to highlight that the approach flow depths were practically the same for each water discharge for both model configurations. These flow depths were measured at a distance of 2.4 m from the vertical upstream face of the crest, that is at the tail part of the pier. The values of the dimensionless numbers obtained for each test confirms that scale effects can be negligible in the physical model (Table 1) . Figure 6 shows a series of photographs to illustrate the flow pattern for the two investigated configurations. For the configuration 1, the standing wave or rooster tail develops directly downstream of the pier and the shock waves travel laterally reaching the chute sidewalls only for the water discharges of 1000 L/s and 1500 L/s. The angle between the shock waves has a slightly increase as the flow rate increases. Likewise, it can be seen an enhancement of the length, width and height of the standing wave with increasing discharge. In the case of the shock waves, they grow in width and height and their length remains practically constant. Further, in Figure 6a -f, it can be observed the air entrained by the chute aerator, as well as the standing waves on the sidewalls due to the upper jet nappe impinging on the low part of the aeration ducts.
Experimental Observations
It was noticed for the two configurations and all flow rates tested that a region of clear water was observed where the water enters the spillway. For the tests with no pier the free water surface is smooth and glassy upstream of the aerator and immediately downstream of the aerator the water suddenly takes on a milky appearance due to the air entrainment. Likewise, the air is distributed uniformly over the entire spillway width with minimum interference to the water flow through the chute. Conversely, when employing the pier, it introduces turbulence at the overflow crest. A turbulent boundary develops as the flow passes over the pier, Figure 6a air entrained by the chute aerator, as well as the standing waves on the sidewalls due to the upper jet nappe impinging on the low part of the aeration ducts. It was noticed for the two configurations and all flow rates tested that a region of clear water was observed where the water enters the spillway. For the tests with no pier the free water surface is 
Results and Discussion
The results obtained during the present study are discussed within this section with regard to the stated objective of the investigation, which was to analyze the combined effect on air entrainment of a crest pier and an aerator on the bottom of a smooth spillway. Figure 7 shows the measured bottom air concentration across the chute width at sections 1 to 8 for the two model configurations and all the tested discharges. The configuration 1 results show that the air concentration is slightly higher at section 1. The average air concentration for the water discharges of 500 L/s, 1000 L/s and 1500 L/s was 0.333%, 0.315% and 0.298%, while the average air concentration in model configuration 2 was 0.283%, 0.267% and 0.283% for the same discharges. The growth in concentration is due to the early onset of air entrainment into the flow by the standing wave and the longitudinal vortices generated by the crest pier. This phenomenon has also been observed for stepped spillways [40, 41] . during all the experiments developed in model configuration 1, it was observed for the three water discharges that the length, width and height of longitudinal vortices, standing and shock waves experienced small variations, resulting either in an increase or decrease in air entrainment. It might be another reason why the bottom air concentration was not symmetrically distributed across the chute width. The graphs indicate that bottom air concentration varied in a continuous fashion along the spillway length. Although the distribution of air concentration follows a trend similar, the data obtained during the tests in model configuration 1 show a greater overall aeration in comparison with the results achieved with model configuration 2, which is more evident at measuring sections downstream of the aerator for all water discharges. Further, it can be seen that as the water discharge In the same way, for all the tests in both model configurations the high bottom air concentration at section 2 is due to the large amount of air entering into the flow through the lower jet in the cavity zone. The measured air concentrations ranging from 49.42% to 99.95%. It is worth noting that only part of this air is being entrained into the flow, because of the bottom rollers at the downstream end of the cavity zone trap an important portion of the air [67, 68] . Further, from all the graphs, it can be seen that bottom air concentration diminishes with distance. A massive air detrainment is observed between sections 2 and 3. Note that for the three water discharges and both model configurations the average air concentration decreases significantly at section 3, ranging from 3.10% to 23.52%. The significant air concentration decrease can be associated with jet nappe impact on the spillway bottom.
In addition, the data registered at sections 4 to 8 show that the low bottom concentrations prevail further downstream. Likewise, for all the tests carried out in model configuration 1 the bottom air concentration is maintained almost constant at sections 4 to 8 with averaged values of about 1%. It might be explained by the fact that by the implementation of the pier at the crest of the spillway the turbulence intensity was increased, generating intense collisions, deformations and the collapse of the air bubbles. The result is the delayed in the rise of the bubbles that remain more time in the flow, as described previously by Volkart [69] . Conversely, in the case of model configuration 2 the bottom air concentration decreases with the distance.
From the results, it can be seen that the implementation of the pier, increased the bottom air concentration due to this structure induces artificial aeration into the flow along the spillway. Likewise, it is important to highlight that configuration 1 results show that the air concentration distribution on the spillway bottom across the width of the chute is non-uniform (Figure 7a-c) . The pattern of air concentration along the spillway was similar for the three tested discharges. On the contrary, the results recorded during the configuration 2 tests show that the bottom air concentration is distributed uniformly over the entire chute width with minimum interference to the water flow across the chute cross-section (Figure 7d -f), as described previously by different researchers [17, 18, 29, 70] .
It is believed that the non-uniformity pattern of the bottom air concentration downstream of the pier and the aerator is created by the turbulent effects within the flow due to the presence of the longitudinal vortices, standing and shock waves that entrain air into the flow at the surface along its path. From the results in Figure 7a -c, it can be observed that the center of the spillway bottom was not aerated to the same percentage as were the spillway bottom sides, which was expected since the shock waves travel laterally as they move downstream. Likewise, it is important to highlight that during all the experiments developed in model configuration 1, it was observed for the three water discharges that the length, width and height of longitudinal vortices, standing and shock waves experienced small variations, resulting either in an increase or decrease in air entrainment. It might be another reason why the bottom air concentration was not symmetrically distributed across the chute width. Figure 8 shows the development of the bottom air concentration of model configuration 1 for the test runs performed with the three flow rates, at the eight measuring sections considered previously. The air concentration values at the spillway floor were obtained by averaging measurements registered at the bottom, at the chute width at the five equidistant points (A to E) located between each other at a distance of 28.5 cm. Likewise, these values are compared with those obtained in model configuration 2.
The graphs indicate that bottom air concentration varied in a continuous fashion along the spillway length. Although the distribution of air concentration follows a trend similar, the data obtained during the tests in model configuration 1 show a greater overall aeration in comparison with the results achieved with model configuration 2, which is more evident at measuring sections downstream of the aerator for all water discharges. Further, it can be seen that as the water discharge and the flow depth increase a smaller percentage of air reached the spillway floor. Figures 9-11 show the bottom air concentration presented as contour plots, the transitions between the colors can be interpreted as equal air concentration lines. The color scale for the air concentration contour plots are indicated by the color legend with the boundary between white (100% of air) and black (0.1% of air). The contour plots were obtained by interpolating linearly the air concentration values registered 3 mm above the spillway floor across the width of the seven measuring sections downstream of the aerator. The contour plots for the tests developed in the model configuration 1 clearly show areas with increased air concentration in comparison with the contour plots of model configuration 2. In the same way, the contour plots for the tests carried out in the spillway with no pier show a uniform distribution of the bottom air concentration across the chute width and length. In the case of the bottom air concentration contour plots obtained in both configurations for the water discharge of 500 L/s, illustrate a similar performance. On the other hand, the contour plots achieved with the data registered in the spillway model with pier and operating at the water discharges of 1000 L/s and 1500 L/s, show that the bottom air concentration across the chute width were not uniform, especially at the last 4 sections.
The air concentration results for configuration 1 with the water discharge of 500 L/s indicated a region that covers from sections 5 to 8 with a bottom air concentration distribution of about 2% (Figure 9b ), while the contour plot for configuration 2 shows that air concentration decreases with distance (Figure 9a ).
L/s, illustrate a similar performance. On the other hand, the contour plots achieved with the data registered in the spillway model with pier and operating at the water discharges of 1000 L/s and 1500 L/s, show that the bottom air concentration across the chute width were not uniform, especially at the last 4 sections.
The air concentration results for configuration 1 with the water discharge of 500 L/s indicated a region that covers from sections 5 to 8 with a bottom air concentration distribution of about 2% (Figure 9b ), while the contour plot for configuration 2 shows that air concentration decreases with distance ( Figure 9a) .
The air concentration contour plots for configuration 1 with the water discharges of 1000 L/s and 1500 L/s show regions between sections 5 and 8 with less air concentration at the center of the chute bottom than at its sides (Figures 10b and 11b) . It is believed that this pattern of air concentration occurs due to the shock waves entrain air into the flow at the surface as these travel laterally during its movement in the downstream direction. The air concentration contour plots for configuration 1 with the water discharges of 1000 L/s and 1500 L/s show regions between sections 5 and 8 with less air concentration at the center of the chute bottom than at its sides (Figures 10b and 11b) . It is believed that this pattern of air concentration occurs due to the shock waves entrain air into the flow at the surface as these travel laterally during its movement in the downstream direction.
From the above results, it is observed that the bottom air concentrations downstream of chute aerator in the spillway model with no pier can be considered sufficient to protect the chute surface against cavitation damage, since the measured air concentrations during the present investigation are into the range of the amount of air needed for cavitation protection, proposed by previous researchers [10] [11] [12] [13] [14] . This is further reinforced by Kramer [71] statement, who corroborated that a small percentage of air distributed as small bubbles next to the spillway invert is sufficient to protect a concrete surface. On the other hand, from the results obtained with model configuration 1, it can be seen that the pier located at the spillway crest generated an increase in the bottom air concentration along the chute bottom in comparison to the results obtained with model configuration 2. Further, although the bottom air concentration across the width and length of the chute is non-uniform, it has the capacity of reducing even more the risk of cavitation damage and enhancing the safety of the hydraulic structure.
From the present investigation and the studies presented by Calitz [40] and Koen [41] , it can be stated that crest piers can help in either eliminating or reducing the risk of cavitation damage in smooth and steeped spillways. The crest piers induce artificial aeration by the formation of longitudinal vortex, standing and shock waves that introduce a greater percentage of air on the spillway bottom, when compared to the spillway without pier. However, some investigations show that standing waves can produce adverse consequences. For instance, overtopping in the surface spillway, strike the spillway sidewalls that might lead to a reduced support and induce vibrations in the structures [72, 73] . Under these circumstances, such waves should be subsided or eliminated to save cost and avoid potential catastrophic hazard.
It is worth mentioning that the main interest during this investigation was to study the combined effect on air entrainment of a crest pier and an aerator on a smooth spillway, since the bottom air concentration at the spillway floor is the most significant parameter for cavitation protection. Note that for this investigation, the hydraulic and geometric characteristics of the standing and shock waves were not evaluated in any further detail, as these factors did not form part of the study objective. From the above results, it is observed that the bottom air concentrations downstream of chute aerator in the spillway model with no pier can be considered sufficient to protect the chute surface against cavitation damage, since the measured air concentrations during the present investigation are into the range of the amount of air needed for cavitation protection, proposed by previous researchers [10] [11] [12] [13] [14] . This is further reinforced by Kramer [71] statement, who corroborated that a small percentage of air distributed as small bubbles next to the spillway invert is sufficient to protect a concrete surface.
On the other hand, from the results obtained with model configuration 1, it can be seen that the pier located at the spillway crest generated an increase in the bottom air concentration along the chute bottom in comparison to the results obtained with model configuration 2. Further, although the bottom air concentration across the width and length of the chute is non-uniform, it has the capacity of reducing even more the risk of cavitation damage and enhancing the safety of the hydraulic structure.
From the present investigation and the studies presented by Calitz [40] and Koen [41] , it can be stated that crest piers can help in either eliminating or reducing the risk of cavitation damage in smooth and steeped spillways. The crest piers induce artificial aeration by the formation of longitudinal vortex, standing and shock waves that introduce a greater percentage of air on the spillway bottom, when compared to the spillway without pier. However, some investigations show that standing waves can produce adverse consequences. For instance, overtopping in the surface spillway, strike the spillway sidewalls that might lead to a reduced support and induce vibrations in the structures [72, 73] . Under these circumstances, such waves should be subsided or eliminated to save cost and avoid potential catastrophic hazard. 
Conclusions
A physical spillway model in scale 1:21 that satisfies the Reynolds and Weber criteria was used to investigate the combined effect on air entrainment of a crest pier and an aerator on the bottom of a smooth spillway. For comparison, experimental test runs were carried out in the spillway without pier, that is in presence of aerator only.
The results show that the bottom air concentration increase at the chute spillway due to the implementation of the crest pier. From all the tests with model configuration 1, it can be observed that the standing wave and the longitudinal vortices generated an early onset of air entrainment into the flow. Likewise, configuration 1 results show that the air concentration distribution on the spillway bottom across the width and length of the chute is non-uniform. It is believed that the air entrained by shock waves produces the non-uniformity pattern of the bottom air concentration downstream of the aerator, since these waves introduce a greater percentage of air on the spillway sides than on its center. Further, even though the bottom air concentration along the spillway with pier is non-uniform, it has the capacity of reducing even more the risk of cavitation damage and enhancing the safety of the hydraulic structure. Therefore, it can be stated that for this particular spillway model the pier located at the spillway crest has an overall beneficial effect on the chute bottom by entraining a higher percentage of air. In addition, for model configuration 1, it was found that the bottom air concentration remains almost constant at the width of the chute at the measuring sections farther from the aerator.
During this investigation, it was found that by means of introducing a pier at the crest of a spillway, the bottom air concentration could be increased along the spillway chute, this will help in either eliminating or reducing the risk of cavitation damage in spillways. Conversely, standing waves generated by crest piers could be detrimental. Therefore, for a particular spillway design, it is recommended to develop a detailed and rigorous experimental investigation in order to analyze the effects of standing and shock waves in presence of crest piers.
